Purpose: Linac-MR systems for real-time image-guided radiotherapy will utilize the multileaf collimators ͑MLCs͒ to perform conformal radiotherapy and tumor tracking. The MLCs would be exposed to the external fringe magnetic fields of the linac-MR hybrid systems. Therefore, an experimental investigation of the effect of an external magnetic field on the brushed permanent magnet DC motors used in some MLC systems was performed. Methods: The changes in motor speed and current were measured for varying external magnetic field strengths up to 2000 G generated by an EEV electromagnet. These changes in motor characteristics were measured for three orientations of the motor in the external magnetic field, mimicking changes in motor orientations due to installation and/or collimator rotations. In addition, the functionality of the associated magnetic motor encoder was tested. The tested motors are used with the Varian 120 leaf Millennium MLC ͑Maxon Motor half leaf and full leaf motors͒ and the Varian 52 leaf MKII MLC ͑MicroMo Electronics leaf motor͒ including a carriage motor ͑MicroMo Electronics͒. Results: In most cases, the magnetic encoder of the motors failed prior to any damage to the gearbox or the permanent magnet motor itself. This sets an upper limit of the external magnetic field strength on the motor function. The measured limits of the external magnetic fields were found to vary by the motor type. The leaf motor used with a Varian 52 leaf MKII MLC system tolerated up to 450Ϯ 10 G. The carriage motor tolerated up to 2000Ϯ 10 G field. The motors used with the Varian 120 leaf Millennium MLC system were found to tolerate a maximum of 600Ϯ 10 G. Conclusions: The current Varian MLC system motors can be used for real-time image-guided radiotherapy coupled to a linac-MR system, provided the fringe magnetic fields at their locations are below the determined tolerance levels. With the fringe magnetic fields of linac-MR systems expected to be larger than the tolerance levels determined, some form of magnetic shielding would be required.
I. INTRODUCTION
Linac-MR systems have been proposed 1,2 as well as a cobalt-MR system 3 in order to achieve real-time imageguided radiotherapy. Using the magnetic resonance ͑MR͒ imager to visualize the tumor and critical structure locations in real-time during treatment, a more conformal treatment can be delivered providing dose escalation at the tumor and greater normal tissue sparing. Delivery of the radiotherapy treatment will be performed with the use of multileaf collimators ͑MLCs͒, not only allowing the execution of intensity modulated radiotherapy but also enabling real-time tumor tracking. 4 Various motors have been created for use in strong magnetic fields such as MR environments, 5 
but current
Varian MLC technology uses brushed permanent magnet DC ͑BPMDC͒ motors. The close proximity of the MLCs to the MR imager can create artifacts in the MR imaging volume caused by RF noise from the BPMDC motors, as well as motor malfunction due to the large MR fringe fields. Our laboratory has shown that the negative effects of RF motor noise in MR images are mitigated through the use of appropriate RF shielding around the motors. 6 Magnetic interference would be entirely eliminated with the use of MR compatible motors, 5 but the purpose of this work is to investigate the effect of external magnetic fields on the functionality of BPMDC motors such as those used in Varian MLC systems. The fringe magnetic fields from a linac-MR system will intersect the motors at various angles depending on the installation geometry as well as on collimator rotation. Therefore, a characterization of Varian MLC BPMDC motor operation at various orientations in external magnetic fields is presented here.
II. METHODS AND MATERIALS
The motors were placed in the magnetic field of an EEV M4261 electromagnet ͑Chelmsford, England͒ capable of generating magnetic fields up to 2000 G and the field strengths were measured using a SENIS GmbH ͑Zurich, Switzerland͒ three-axis magnetic field transducer. The BP-MDC motors investigated were a MicroMo Electronics ͑Clearwater, FL͒ 20 V carriage motor, a MicroMo Electronics 24 V leaf motor used with Varian ͑Palo Alto, CA͒ 52 leaf MKII MLC systems, as well as Maxon Motor ͑Sachseln, Switzerland͒ 12 V half leaf and 12 V full leaf motors used with Varian 120 leaf Millennium MLC systems. The motors were assemblies consisting of a magnetic encoder for positional and speed information, the permanent magnet motor itself, and a gearbox. All the motors were tested in three orientations with the permanent magnet poles of the motors aligned ͑1͒ parallel to the electromagnet poles, ͑2͒ antiparallel to the electromagnet poles, and ͑3͒ perpendicular to the electromagnet poles. The one exception is for the carriage motor, which was too large to place its permanent magnet poles perpendicular to the poles of the electromagnet, so no experiment was possible in this configuration. The three orientations mentioned above were investigated due to the MLC motor orientations with respect to the fringe magnetic fields of our biplanar MR magnet ͑Fig. 1͒. At a 0°collimator rotation, the magnetic fringe field will be aligned either parallel or antiparallel to the poles of the motors, while at a 90°c ollimator rotation, the magnetic fringe field will be perpendicular to the poles of the motors. Since our MR imager and linac rotate in unison, 1 the change in motor orientation with respect to the fringe field is solely caused by collimator rotation. It is expected that even the alternate linac-MR or cobalt-MR designs proposed, 2,3 which incorporate a collimator rotation, will have their MLC motors exposed to magnetic fringe fields in the directions being investigated. Due to axisymmetry of the magnets used in the other proposed designs, the fringe fields at the MLC are not expected to change upon azimuthal rotation of the treatment gantry with respect to the magnet. The motors were operated continuously for a minute both in the forward and reverse directions for each external magnetic field strength. The motors were driven in magnetic fields of increasing strength until any one component of the motor ͑encoder, permanent magnet motor, or gearbox͒ failed, at which point the entire motor was considered to have failed. An encoder failure was established when its output motor speed differed from an independent optical tachometer. Permanent motor failure would indicate that more than the maximum manufacturer specified current was drawn. Excessive mechanical noise and wear was considered as gearbox failure. The motor characterization consisted of measuring motor speed in revolutions per minute ͑RPM͒ and current ͑mA͒ as the magnetic field strength increased. The changes in motor speed and current from those with no applied external field were measured as a function of external magnetic field strength. Two fixed loading scenarios were used when testing the motors: Motors' self-load due to friction and gear box ͑i.e., no external load͒ and an equivalent external load to what the motors would experience in clinical use ͑i.e., clinical load͒. The clinical load was measured to cause an increase of 5-10 mA in current drawn by the motors when driving a MLC leaf. All motors were driven using a variable voltage DC power supply. The motor speed was read from the motor's encoder using National Instruments ͑Austin, TX͒ MID-7654 4 axis servo motor driver integrated with their LABVIEW 8.5 software, and verified with a model 1726 Ametek digital optical tachometer ͑Largo, FL͒. Lastly, the current was read from a Uni-Trend Group Ltd. ͑Kwun Tong, Hong Kong͒ UT55 digital multimeter.
III. RESULTS AND DISCUSSION
In all orientations, with one exception, the magnetic encoder failed before the motor or gearbox when exposed to an external magnetic field. The field at which the encoder failed for each motor depended on the components, sensitivity, and orientation of the encoder in the external magnetic field. In every case, failure of the encoder arose when the external field strength was large enough to saturate the Hall sensor of the encoder used for measuring the change in magnetic field as the armature rotated. The motor and gearbox assembly showed no increase in temperature above the manufacturer's set limits ͑Ͻ85°C͒ as they were cool to the touch, nor did the current exceed the manufacturer's set limits in fields of up to 2000 G. The one exception where the permanent magnet motor itself failed before the encoder was the Maxon Motor 12 V full leaf MLC motor, which was unable to maintain a consistent speed at 1500Ϯ 10 G with its poles perpendicular to the electromagnet poles.
Considering that in normal operation the collimator can rotate the MLCs Ϯ90°, the minimum field strength at which the encoder fails between the parallel/antiparallel orientations and the perpendicular orientation sets the limit before motor failure. For example, in the case of the 24 V MicroMo Electronics leaf motor, the encoder worked at a field of no greater than 450 G when its poles were perpendicular to the electromagnet poles. A Ϯ90°rotation would place its poles in either a parallel or antiparallel orientation where the motor could sustain up to 800 G without encoder failure. However, the limit on this motor is 450 G set by the perpendicular pole orientation since the motor must operate clinically in either orientation. Table I illustrates the changes in current and motor speed for the maximum field strength after which the encoder failed.
The results of the motor characterization in terms of changes in current and motor speed are presented in 
force generated by the armature rotation and increases in mechanical and magnetic losses with increases in motor speed. Any changes in motor speed would translate into an increasing or decreasing leaf speed. For example, from Table I , the maximum increase of 63Ϯ 2 RPM was observed for the 12 V half leaf motor which would translate into a 0.121Ϯ 0.004 cm/ s increase in leaf speed. In the antiparallel direction, a reduction of 15Ϯ 2 RPM was observed translating into a 0.029Ϯ 0.004 cm/ s reduction in leaf speed. The Millennium MLC system, together with Varian ECLIPSE treatment planning software, typically uses a maximum projected leaf speed of 2.5 cm/s at isocenter, which translates into speed of around 1.3 cm/s at the carriage. It has also been shown that the motors are in fact able to drive the leaves with a projected speed of around 3.5 cm/s at isocenter, 7 which translated into a leaf speed of around 1.8 cm/s at the carriage. Current MLC motor driver boards monitor each motor position individually through the encoder, and modifies each leaf position individually over time, maintaining a 1.3 cm/s motor speed as well as accounting for motor to motor variability due to manufacturing differences and wear. Thus, changes in leaf speed quoted above caused by an external magnetic field would likely still be compensated by the MLC motor driver board.
The fact that the carriage motors and MLC leaf motors work together, the allowable magnetic field in which the MLC system as a whole can operate is limited by the motor with the lowest tolerance. This means that for the Millennium MLC system, the full leaf motor's field strength limit of 600 G restricts the entire system's operating limit. Therefore, when a linac-MR system is designed, if the fringe magnetic fields at the location of the Millennium MLC system is greater than 600 G, appropriate magnetic shielding would be required. The largest expected fringe field strength at the MLC motors due to a large scale 0.2 T biplanar magnet is 1300 G. Preliminary investigations have shown that simple passive shielding can be designed to reduce the fringe fields from 1300 to below 600 G without altering the magnetic field homogeneity in the imaging volume beyond shimmable limits. However, detailed magnetic shielding design is beyond the scope of this work. The strength of the magnetic fringe field at the location of the MLCs for other magnets depends on the strength of magnetic field generated, their geometry, as well as their active shielding, but it is expected that the MLC BPMDC motors can still be shielded to less than 600 G. By incorporating the previously determined requirement for RF shielding, 6 and using appropriately designed magnetic shielding to ensure the BPMDC motors are not subjected to a magnetic field larger than the determined tolerances, current off-the-shelf Varian MLC systems can be used in a linac-MR system.
IV. CONCLUSIONS
Four different BPMDC motors used in Varian MLC systems were tested in magnetic fields of increasing strength at various orientations to determine an operational limit for each motor. No increase in temperature or current over the manufacturer's tolerances was observed for field strengths up to 2000 G. The magnetic encoder was observed to fail before the permanent magnet motor or gearbox which set the magnetic field tolerance of the whole motor assembly. Thus, currently manufactured Varian MLC systems using the BPMDC motors tested could be used with linac-MR systems to provide real-time tumor tracking, provided the necessary steps are taken to ensure the motor RF noise is shielded and the motors are below their field strength tolerances. a͒ Electronic mail: gino.fallone@albertahealthservices.ca 1
